Introduction {#s1}
============

In eukaryotes, accurate chromosome segregation relies on specific chromosomal regions called centromeres that recruit components of the proteinaceous kinetochore complex to mediate spindle attachments and ensure high-fidelity segregation ([@bib19]). In animals, fungi, and plants, kinetochore assembly onto centromeres occurs in a hierarchical process that strictly depends on the presence of the specialized histone H3 variant CenH3 (first identified as Cenp-A in mammals \[[@bib21]; [@bib64]\]), which replaces the canonical H3 in centromeric nucleosomes ([@bib83]; [@bib103]). In all organisms that have been studied, CenH3 deletions are lethal and lead to catastrophic defects in chromosome segregation ([@bib82]; [@bib8]; [@bib34]; [@bib7]; [@bib88]). Moreover, the presence of CenH3 defines both canonical centromeres and neocentromeres in diverse organisms ([@bib16]; [@bib50]). The presence of CenH3 homologs in all animals, fungi, and plants studied so far, together with their identification in distantly branching protist lineages has established the paradigm that CenH3-containing chromatin is an absolute requirement for centromere function ([@bib49]; [@bib65]). In contrast to this prevailing paradigm, we show that multiple insect lineages have independently lost CenH3 despite preserving some other canonical kinetochore components. These CenH3 losses coincide with dramatic changes in centromere architecture, suggesting that alternate centromere configurations may render the CenH3 protein dispensable.

Despite the universality of CenH3 in eukaryotes, centromeres are remarkably diverse ([@bib50]). Most eukaryotic chromosomes are monocentric, that is, centromeres and kinetochore assembly are restricted to a defined chromosomal region. Monocentromeres can range dramatically in size, from 125 bp in budding yeasts to megabases in humans, and can be either genetically (sequence-dependent) or epigenetically defined. In contrast, holocentromeres have kinetochores attached along the extensive segments or even the entire length of chromosomes. First described by [@bib75], holocentromeres have been best studied in the nematode *Caenorhabditis elegans* ([@bib18]; [@bib48]; [@bib25]; [@bib81]). However, holocentricity appears to have evolved independently in multiple eukaryotic lineages by convergent evolution ([@bib55]).

Results and discussion {#s2}
======================

To gain insight into kinetochore changes associated with transitions to holocentricity, we focused on insects in which holocentricity is believed to have evolved at least four times from monocentric ancestors ([Figure 1A](#fig1){ref-type="fig"}, [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}) ([@bib98]; [@bib26]; [@bib73]) (modified from [@bib55]). The strength of evidence about holocentricity varies among different insect orders; we briefly summarize this evidence in the 'Materials and methods' section. For instance, a strong consensus has emerged from many different species that both Lepidoptera and Hemiptera represent holocentric insect orders. In contrast, there is relatively modest evidence for holocentricity in Dermaptera, Odonata, and Phthiraptera. Nevertheless, the currently held consensus view is that each of the insect orders indicated in blue in [Figure 1A](#fig1){ref-type="fig"} is holocentric.10.7554/eLife.03676.003Figure 1.Holocentric insects lack CenH3.(**A**) Phylogeny of insect orders (species) examined in this study. Holocentric insect orders are indicated in blue, and inferred multiple transitions to holocentricity in insects are labeled with 'H'. Using protein homology searches of genomes or assembled transcriptomes, we inferred either the presence (black box) or absence (empty box) of CenH3. (**B**) CenH3 loss is widespread in Lepidoptera and Hemiptera, but not Coleoptera. Phylogenetic relationship of holocentric insects used for transcriptome assemblies (light blue), holocentric insects with sequenced genomes (blue), monocentric insects used for transcriptome assemblies (gray), and monocentric insects with sequenced genomes (black). The presence of contaminating microsporidian CenH3 transcripts is indicated with an asterisk.**DOI:** [http://dx.doi.org/10.7554/eLife.03676.003](10.7554/eLife.03676.003)10.7554/eLife.03676.004Figure 1---source data 1.List of species with sequenced genomes and information to their corresponding analyzed proteomes.**DOI:** [http://dx.doi.org/10.7554/eLife.03676.004](10.7554/eLife.03676.004)10.7554/eLife.03676.005Figure 1---source data 2.Statistics of mRNA-Seq assemblies.Order, species name, centromere type (holocentromere \[H\] or monocentromere \[M\]), number of reads for the assembly, obtained transcripts longer than 250 base-pairs (only one transcript isoform) and number of significant tblastn alignments (*E* value 10^--10^) out of 16,644 annotated *T. castaneum* and 30,305 annotated *D. melanogaster* proteins.**DOI:** [http://dx.doi.org/10.7554/eLife.03676.005](10.7554/eLife.03676.005)10.7554/eLife.03676.006Figure 1---figure supplement 1.Evolution of holocentricity in insects.All insect orders and their phylogenetic relationship ([@bib98]; [@bib26]; [@bib73]) are displayed. Holocentric orders are highlighted in blue, monocentric orders are in black, and orders with no diagnostic karyotype data are in gray. Lineages with transitions to holocentricity are labeled with 'M → H' in red. Although cytological analyses of the two trichopteran insects proposed the possibility of holocentric chromosomes ([@bib85]), we did not find the data diagnostic for this conclusion. Therefore, we depicted the trichopteran order in gray and indicate that the holocentric transition could have either occurred in the common ancestor of Trichoptera and Lepidoptera or on the lepidopteran lineage ('Materials and methods'). The phylogenetic position of the holocentric zorapteran order is unresolved. Analyses of morphological data proposed a monophyletic relationship with Dermaptera ([@bib36]; [@bib89]), which likely places the transition to holocentricity in the common ancestor of both orders and reduces the number of independent transitions to holocentricity from 5 to 4.**DOI:** [http://dx.doi.org/10.7554/eLife.03676.006](10.7554/eLife.03676.006)10.7554/eLife.03676.007Figure 1---figure supplement 2.Insect CenH3 comparison.Protein alignment including CenH3s from four representative species from Hymenoptera (*Apis mellifera*, *Bombus impatiens*, *Atta cephalotes*, and *Nasonia vitripennis*), one species from Coleoptera (*Tribolium castaneum*), two species from Diptera (*Drosophila melanogaster* and *Aedes aegypti*), cricket (*Acheta domesticus*), stick insect (*Sipyloidea sipylus*), cockroach (*Blatella germanica*), and mayfly (*Ephemera danica*) CenH3s compared to canonical histone H3 (blue) that is invariant among these species. CenH3-characteristic amino acid changes (red) and loop1 (gray box) are highlighted. Although the CenH3 histone fold domain is relatively well conserved, the N-terminal tail is not and cannot even be considered homologous between the different insect orders.**DOI:** [http://dx.doi.org/10.7554/eLife.03676.007](10.7554/eLife.03676.007)10.7554/eLife.03676.008Figure 1---figure supplement 3.Additional H3-like variants in holocentric insects.(**A**) *Acyrthosiphon pisum* alignment of H3 (blue) and an H3-derived variant that is missing many canonical H3 residues in the histone fold domain. Changes and deficiencies of completely conserved amino acids of H3 homologs ([@bib49]) are highlighted in yellow. (**B**) *Libellula vibrans* alignment of H3 (blue) and a recently derived H3-like variant. The two proteins are 80.2% identical. (**C**) Phylogeny of various animal and fungal H3 (red), H3-like (orange), and CenH3 proteins (black). Maximum likelihood tree of histone fold domains including the two identified H3-derived variants in the *A. pisum* and *L. vibrans* genomes. Bootstrap percentages above 50 are indicated.**DOI:** [http://dx.doi.org/10.7554/eLife.03676.008](10.7554/eLife.03676.008)10.7554/eLife.03676.009Figure 1---figure supplement 4.Fungal CenH3 transcript contaminants in the cockroach assembly.Maximum likelihood derived CenH3 phylogeny of various animal (black) and fungal (red) CenH3 proteins based on their histone fold domains. Locus 35,695 encoding CenH3 (orange) found in the cockroach *B. germanica* assembly clearly groups with fungal homologs. Bootstrap percentages above 50 are indicated.**DOI:** [http://dx.doi.org/10.7554/eLife.03676.009](10.7554/eLife.03676.009)10.7554/eLife.03676.010Figure 1---figure supplement 5.CenH3 transcript abundance in mRNA-Seq assemblies.Abundance of transcripts encoding for CenH3 and other kinetochore components in mRNA-Seq assemblies of (**A**) monocentric insects and (**B**) holocentric insects. Transcripts were rank-ordered based on their normalized abundance. Ranked percentiles corresponding to transcripts encoding for CenH3 homologs (red lines) and kinetochore proteins (black lines) are indicated, where low percentiles correspond to low abundance, while high percentiles correspond to high abundance.**DOI:** [http://dx.doi.org/10.7554/eLife.03676.010](10.7554/eLife.03676.010)10.7554/eLife.03676.011Figure 1---figure supplement 6.CenH3 phylogeny in insects.Maximum likelihood phylogeny of histone fold domains of canonical H3 proteins as well as those from previously and newly (this study) identified CenH3 proteins. Branches with bootstrap percentages below 50 were collapsed. H3 and CenH3 homologs form distinct clades. Arthropod CenH3s constitute their own monophyletic clade (supported by significant bootstrap support) separate from nematode, vertebrate, and fungal CenH3s, although there are two topological inconsistencies with accepted arthropod phylogeny within the arthropod CenH3s. First, the position of the *Daphnia pulex* CenH3 is within the insect clade, whereas, based on the species phylogeny *D. pulex* CenH3 is expected to branch ancestrally to all insect CenH3s. Second, the position of the cockroach CenH3 between the hymenopteran and dipteran clades is not consistent with the closer phylogenetic relationship of cockroaches to crickets and stick insects. Nevertheless, our findings suggest that CenH3 homologs have been inherited via vertical transmission in monocentric insects and were independently lost in holocentric insects.**DOI:** [http://dx.doi.org/10.7554/eLife.03676.011](10.7554/eLife.03676.011)10.7554/eLife.03676.012Figure 1---figure supplement 7.CenH3 homologs in Coleoptera (beetles).Top: protein alignment is shown for canonical histone H3 (blue), *T. castaneum* CenH3, and other coleopteran CenH3s identified in transcriptome assemblies. CenH3-characteristic amino acid changes (red) and loop1 (grey box) are highlighted. CenH3 derived protein fragment ends are indicated by a double hash. Bottom: sequence logo for coleopteran CenH3 alignment is presented (<http://weblogo.berkeley.edu/logo.cgi>).**DOI:** [http://dx.doi.org/10.7554/eLife.03676.012](10.7554/eLife.03676.012)10.7554/eLife.03676.013Figure 1---figure supplement 8.Contaminating microsporidian CenH3 transcripts in the two lepidopteran assemblies.(**A**) Transcript abundance profiles in RPKM of the *Cycnia tenera* mRNA-Seq assembly. Only assembled transcripts longer than 250 bp were selected, and in cases of multiple different isoforms the longest isoform was chosen. To identify all the contaminating microsporidian *Nosema bombycis* derived transcripts, assembled transcripts were aligned to the *N. bombycis* CQ1 genome and significant hits (E value \<10--5) were chosen. Main panel: a histogram of RPKM values of all transcripts (total 16,643). Inset: a histogram of RPKM values of *N. bombycis* transcripts (total 1646). (**B**) Phylogenetic tree of various animal and microsporidian CenH3 proteins. Maximum likelihood phylogeny of H3 and CenH3 histone fold domains (excluding loop 1) including the Locus 1862 (transcript 3) encoding CenH3 found in the *Papilio glaucus* assembly. Microsporidian CenH3 homologs and the putative homolog in the *P. glaucus* assembly are shown in red and orange, respectively. Bootstrap percentages above 50 are indicated.**DOI:** [http://dx.doi.org/10.7554/eLife.03676.013](10.7554/eLife.03676.013)10.7554/eLife.03676.014Figure 1---figure supplement 9.Chromosome spreads from various lepidopteran species generously provided by Frantisek Marec and Atsuo Yoshido.(**A**) Metaphase 1 oocytes of *Ephestia kuehniella* chromosomes (unpublished). (**B**) *Cydia pomonella* mitotic chromosomes ([@bib24]). (**C**) Male mitosis and meiosis of *Ectomyelois ceratoniae* chromosomes ([@bib54]). (**D**) Female (left) and male (right) mitotic chromosomes of *Samia cynthia* (unpublished).**DOI:** [http://dx.doi.org/10.7554/eLife.03676.014](10.7554/eLife.03676.014)

Using homology searches, we analyzed all the sequenced (monocentric and holocentric) insect genomes to identify protein components of the inner kinetochore complex. Initially, we focused on CenH3 that can be identified by its homology to histone H3, but distinguished from canonical H3 and other H3 histone variants via their distinct phylogenetic grouping and features such as a longer loop1 region and a highly divergent N-terminal tail ([@bib7]; [@bib49]). These criteria have allowed the correct identification of CenH3 in all the eukaryotic genomes examined so far ([@bib49]; [@bib87]). In addition to the well-studied CenH3 homologs in *Drosophila* species ([@bib31]), we were able to identify CenH3 homologs in the monocentric insect orders: Diptera (flies and mosquitoes), Hymenoptera (wasps, bees, and ants), and Coleoptera (beetles) ([Figure 1A](#fig1){ref-type="fig"}, [Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}). In contrast, we were unable to find CenH3 homologs in any of the five sequenced holocentric lepidopteran species (butterflies and moths) ([Figure 1A](#fig1){ref-type="fig"}). Extending our survey, we were similarly unable to find CenH3 in two additional insect orders previously reported to be holocentric: Hemiptera (true bugs) and Phthiraptera (lice). Together, these two orders represent an independent transition to holocentricity in insects ([Figure 1A](#fig1){ref-type="fig"}, 'Materials and methods') ([@bib98]). Although we found an additional H3-like gene in the hemipteran pea aphid *Acyrthosiphon pisum*, we found that it unambiguously phylogenetically clustered with canonical H3 proteins, rather than CenH3s ([Figure 1---figure supplement 3A,C](#fig1s3){ref-type="fig"}). Thus, CenH3 is missing from all sequenced genomes from eight holocentric insect species, but present in all sequenced monocentric insects.

We wanted to test this correlation between holocentricity and the absence of CenH3 in other mono- and holocentric insect orders beyond those with sequenced genomes. To search for CenH3, we carried out mRNA-sequencing (mRNA-Seq) analyses and transcriptome assemblies of five insects, and combined our analyses with transcriptome assemblies of three additional available insect mRNA-Seq data sets. Our analyses yielded assemblies from insects of four monocentric orders, *Blattodea germanica* (Blattodea, cockroaches), *Acheta domesticus* (Orthoptera, crickets), *Sipyloidea sipylus* (Phasmatodea, stick insects), and *Ephemera danica* (Ephemeroptera, mayflies) (<https://www.hgsc.bcm.edu/>). We were able to identify putative CenH3 homologs in the assemblies of all monocentric insects ([Figure 1A](#fig1){ref-type="fig"}, [Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}). Identification of two bona fide CenH3 transcripts in the cockroach assembly led us to clearly attribute one of them to a fungal contamination via phylogenetic analyses ([Figure 1---figure supplement 4](#fig1s4){ref-type="fig"}) whereas the other was the cockroach CenH3 ortholog. We also obtained transcriptomes of three additional insects from two additional insect orders previously reported to be holocentric: *Anisolabis maritima* (Dermaptera, earwigs), *Libellula vibrans* and *Ladona fulva* (Odonata, dragonflies and damselflies) (<https://www.hgsc.bcm.edu/>). Additionally, we included a transcriptome assembly from *Forficula auricularia* (Dermaptera, earwigs) that had recently become available ([@bib72]). Together with Lepidoptera and Hemiptera/Phthiraptera, these new holocentric insect orders (Dermaptera, Odonata) represent all independent transitions to holocentricity in insects ([Figure 1A](#fig1){ref-type="fig"}, 'Materials and methods'). In contrast to the monocentric insects, we could not detect CenH3 in the assemblies derived from any of the holocentric insects. Although we did obtain an H3-like gene in the *L. vibrans* assembly, evolutionary analyses support its phylogenetic grouping with H3 rather than CenH3 ([Figure 1---figure supplement 3B,C](#fig1s3){ref-type="fig"}).

We considered the possibilities that either insufficient coverage of the transcriptome assembly and/or low expression of CenH3 led to our inability to detect CenH3 transcripts. To address the first possibility, we compared the probabilities of finding a CenH3 homolog between mono- and holocentric assemblies. Using the well-characterized proteome from *Tribolium castaneum* as a benchmark, we tested if similar numbers of proteins could be predicted in our assemblies ([Figure 1---source data 2](#SD2-data){ref-type="supplementary-material"}). Indeed, our analyses revealed comparable or even higher number of predicted proteins in the holocentric compared to the monocentric assemblies, implying at least equivalent transcriptome coverages of the holocentric and monocentric assemblies. Second, we found that CenH3 transcripts are not rare in monocentric insects; CenH3 transcript abundance was at least at the 50^th^ percentile in all instances except the cockroach assembly ([Figure 1---figure supplement 5](#fig1s5){ref-type="fig"}). We therefore conclude that CenH3 is likely absent in the four holocentric odonatan and dermapteran insects examined as it is absent in the genome sequences of the holocentric lepidopteran and hemipteran/phthirapteran insects. Thus, we conclude that each of the four independent transitions to holocentricity in insects was associated with CenH3 loss.

Phylogenetic analyses of CenH3 and other H3 proteins based on their homologous histone-fold domains reveal a topology of insect CenH3s that is largely consistent with the expected branching order of the insect species ([@bib98]; [@bib26]; [@bib73]) ([Figure 1---figure supplement 6](#fig1s6){ref-type="fig"}), confirming that the absence of CenH3 in holocentric insects is due to recurrent loss rather than reinvention or horizontal transfer of CenH3 in monocentric insect lineages.

To precisely date when CenH3 loss occurred in holocentric insects, we took advantage of additional transcriptome assemblies of mRNA-Seq data sets from nine coleopteran, nine lepidopteran, and four hemipteran species ([@bib59a]; [@bib105]) (<https://www.hgsc.bcm.edu/>). These additional assemblies confirmed not only CenH3 presence in all (monocentric) coleopteran species ([Figure 1---figure supplement 7](#fig1s7){ref-type="fig"}), but also confirmed its absence in all hemipteran and lepidopteran species. Although we obtained CenH3-like sequences in two lepidopteran assemblies, we could unambiguously attribute them to microsporidian contaminants via phylogenetic analyses ([Figure 1---figure supplement 8A,B](#fig1s8){ref-type="fig"}). As a result, we estimate that CenH3 loss probably preceded or occurred close to the emergence of these insect orders, at least 120 million years ago in Lepidoptera ([@bib29]) and likely 300 million years ago in the common ancestor of Hemiptera and Phthiraptera ([@bib26]).

We next investigated the genome and transcriptome data sets to ask whether the onset of holocentricity also correlated with the loss of other inner kinetochore components, or CCAN (constitutive centromere associated network) components as previously defined in vertebrates and fungi ([@bib33]; [@bib95]). We identified CenpI, CenpL/M/N, and the DNA-proximal CenpS/X proteins. We note that since the CenpT/W proteins, which are obligatory for the CenpS/X kinetochore function, are absent in all insects, it is likely that the CenpS/X complex serves roles in DNA damage ([@bib78]) rather than at the kinetochore. Nonetheless, several inner kinetochore components continue to be present even in the CenH3-deficient species ([Figure 2A](#fig2){ref-type="fig"}). This is somewhat unexpected since the recruitment of these components has been shown to depend on CenH3 in animals and fungi ([@bib96]). It will therefore be important in future to test if these kinetochore components localize to centromeres in the absence of CenH3; this would imply that holocentric insects have adopted a CenH3-independent inner kinetochore assembly pathway.10.7554/eLife.03676.015Figure 2.Evolution of the kinetochore composition in insects.(**A**) Kinetochore proteins in insects. Using protein homology searches of the genome or assembled transcriptomes of monocentric (indicated in black) and holocentric insects (indicated in blue), we inferred either the presence (black box) or absence (empty box) of inner and outer kinetochore protein components. The presence of a putative CenpC homolog without a recognizable CenpC motif in Odonata is indicated by a filled gray box. We also found a weak match to a putative Mis12 homolog in *T. castaneum* (TC001997); however its weak homology relative to other insect Mis12 proteins leads us to assign this to be only a tentative match. (**B**) Schematic structure of a kinetochore largely based on its characterization in vertebrates and fungi ([@bib33]; [@bib95]). Components found in insects are highlighted in black, whereas components that are absent in all insects examined are in gray. The dashed line around the CenpS/X complex indicates that its kinetochore localization is unlikely in insects. (**C**) Putative CenpC proteins in insects. Schematics of structural domains and the CenpC motif of human, yeast, and insect CenpC proteins are shown. (**D**) Maximum likelihood tree of cupin domains of dragonfly (blue), fungal (brown), and other animal (black) CenpC proteins. Bootstrap percentages above 50 are indicated.**DOI:** [http://dx.doi.org/10.7554/eLife.03676.015](10.7554/eLife.03676.015)10.7554/eLife.03676.016Figure 2---source data 1.Accession numbers or sequences for all insect kinetochore proteins analyzed or described in this study.**DOI:** [http://dx.doi.org/10.7554/eLife.03676.016](10.7554/eLife.03676.016)10.7554/eLife.03676.017Figure 2---figure supplement 1.CenpC-Cupin domain alignment.Top: protein alignment of various fungal (brown), animal (black), and the three dragonfly (blue) cupin domains. Bottom: sequence logo (<http://weblogo.berkeley.edu/logo.cgi>) for alignment showing conservation of structurally important residues ([@bib20]).**DOI:** [http://dx.doi.org/10.7554/eLife.03676.017](10.7554/eLife.03676.017)

We did find the inner kinetochore protein CenpC to be absent from all insects that lack CenH3 ([Figure 2A](#fig2){ref-type="fig"}). CenpC is the direct DNA-binding partner of CenH3 and together with CenH3 constitutes the centromere core components ([@bib11]). Although CenpC homologs are not as easily identifiable as CenH3, two motifs are conserved enough to allow cross-species homology searches. Of these, the CenpC motif is universally found in CenpC proteins and has been shown to interact with the CenH3 C-terminus ([@bib38]). In addition, most animal and fungal CenpC proteins contain a cupin fold domain (Pfam PF00190), about 100 amino acids downstream of the CenpC motif ([@bib86]). Although cupin domains are not unique to CenpC proteins, CenpC-borne cupin domains can be easily distinguished from non-CenpC cupin domains based on phylogeny ([@bib20]). Homology searches using the CenpC motif revealed high-scoring CenpC-like motifs in most monocentric insects (HHpred p value range 2 × 10^−9^ to 4.6 × 10^−22^) except in the *Tribolium castaneum* (genome) and cricket (transcriptome) ([Figure 2A](#fig2){ref-type="fig"}). We found that CenpC proteins from mayflies and stick insects (both monocentrics) possess both the CenpC motif and the associated cupin domain ([Figure 2C](#fig2){ref-type="fig"}). In contrast, putative CenpC proteins from Hymenoptera and cockroach (also monocentric) contained the CenpC motif but not the cupin domain. We were unable to find the CenpC motif in any of the holocentric species (genomes or transcriptomes). Intriguingly, although holocentric dragonflies encode a protein with a clearly identifiable CenpC cupin domain ([Figure 2D](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}), its CenpC motif has decayed ([Figure 2C](#fig2){ref-type="fig"}). We speculate that since the CenpC motif interacts with CenH3, CenH3 loss in dragonflies may have allowed the degeneration of its CenpC motif. The absence of CenH3-interacting CenpC motifs in dragonflies and other holocentric insects also serves as an independent confirmation for the losses of CenH3 in these lineages.

In contrast to the variation in inner kinetochore protein repertoires, homologs of outer kinetochore components including Ndc80 and Mis12 are almost universally conserved in most insect orders ([Figure 2A](#fig2){ref-type="fig"}). This suggests that although insects vary widely in the DNA-proximal part of their kinetochore, they have largely conserved the means to attach the kinetochore to the spindle apparatus. This further implies that holocentric insects likely employ CenH3-independent ways of connecting centromeric DNA to the rest of a relatively conserved kinetochore complex. Our findings in holocentric insects contrast with the recent findings of CenH3 absence in kinetoplastids, which not only lack CenH3 but also possess an entirely different repertoire of kinetochore proteins ([@bib2], [@bib3]). Our findings are more reminiscent of male meiosis in holocentric *C. elegans*, in which the outer kinetochore components appear to localize independent of CenH3 ([@bib58]); CenH3 is nevertheless essential for *C. elegans* mitosis ([@bib8]). Thus, holocentric insects, which account for 16% of all named eukaryotic species ([@bib26]), appear to be unique among complex eukaryotes in entirely losing their dependence on CenH3s.

Concluding comments {#s2-1}
-------------------

Given the essential requirement of CenH3 for chromosome segregation in monocentric contexts as shown in *Drosophila melanogaster* ([@bib7]), we hypothesize that independent transitions to holocentricity preceded the losses of CenH3s in insects. However, since other holocentric animals (including other arthropods) and plants still encode for CenH3 ([@bib8]; [@bib28]) ([Figure 2---source data 1](#SD3-data){ref-type="supplementary-material"}), we speculate that another, distinct event allowing CenH3 loss in holocentric insects must have occurred early in insect evolution, in the common ancestor of dragonflies and flies ([Figure 3](#fig3){ref-type="fig"}). Such a determinant may have been the lineage-specific evolutionary invention of a centromeric protein ([@bib71]), which may have conferred these independently derived holocentric lineages with a unique ability to carry out mitosis in a CenH3-independent manner, thereby relaxing the selective pressure to maintain CenH3 in the genome. Thus, changes in centromere architecture may have rendered dispensable one of the most defining proteins associated with centromere function in almost all eukaryotes.10.7554/eLife.03676.018Figure 3.CenH3 losses associated with holocentric transitions are unique to insects.Phylogenetic relationship of holocentric lineages are schematized. Transitions to holocentricity (M → H) and the absence (black box) or presence (empty box) of CenH3 are indicated. Inferred evolutionary origin of a first 'potentiating event' (indicated with a star) together with subsequent recurrent transitions to holocentricity allowing the loss of CenH3 in four insect lineages.**DOI:** [http://dx.doi.org/10.7554/eLife.03676.018](10.7554/eLife.03676.018)

Materials and methods {#s3}
=====================

Evidence for holocentric insect orders {#s3-1}
--------------------------------------

Four main criteria have been used to diagnose holocentricity by studying the mitotic behavior of chromosomes. These include (1) the absence of a primary constriction in metaphase chromosomes, (2) parallel migration of sister chromatids in mitotic anaphase, (3) persistence of chromosomal fragments and/or low rate of lethality upon X-ray irradiation, and (4) the presence of kinetochore plates covering large surfaces of each chromatid during mitosis. In addition to these four primary mitotic criteria for holocentricity, we consider certain properties at meiosis suggestive of holocentricity. Even though mitosis of holocentric chromosomes is straightforward, holocentric chromosomes would face kinetochore geometry problems during meiosis. Therefore, meiosis in holocentric species requires unique adaptations and can therefore be used as indications for holocentricity. Such adaptations include 'inverted meiosis' (i.e., inverting the order of the two meiotic divisions) or the change of kinetic activity on chromosomes from one region to another between meiotic divisions ([@bib55]).

### Lepidoptera (butterflies, moths) {#s3-1-1}

Most Lepidoptera have numerous, small chromosomes, challenging conclusions about the nature of centromeres purely on the basis of light microscopy. Nonetheless, convincing evidence for holocentric chromosomes exists in *Bombyx mori*, one of the most well-studied holocentric insects ([@bib59]). *B. mori* chromosomes are rod- and dot-shaped and lack primary constrictions. Also, during anaphase, sister chromatids migrate in parallel. Furthermore, chromosomal fragments induced by X-ray irradiation behave normally through a number of cell generations ([@bib59]). More recently, immuno-fluorescence studies showed the localization of *B. mori* chromosomal passenger complex protein INCENP along the whole length of mitotic chromosome ([@bib57]).

Studies from additional lepidopteran insects support the general conclusion of holocentricity in all members of Lepidoptera. Mitotic chromosomes of *Orthosia gracilis* appear to lack a primary constriction ([@bib92]). Electron microscopy (EM) in *Origya thyellina* and *Origya antiqua* chromosomes report spindle microtubule attachments to large kinetochore plates, covering more than 70% of the entire surface of the chromosomes ([@bib99]; [@bib100]). This has led to the proposal of a polykinetic organization of *Origya* chromosomes. Original images of mitotic chromosomes of *Samia cynthia* (unpublished), *Ectomyelois ceratoniae* ([@bib54]), and *Cydia pomonella* ([@bib24]), as well as an image of metaphase I chromosomes of *Ephestia kuehniella* (unpublished) ([Figure 1---figure supplement 9](#fig1s9){ref-type="fig"}), generously provided by Frantisek Marec and Atsuo Yoshido, show that the chromosomes of these species lack primary constrictions. *E. kuehniella* chromosomes have also been subject to EM studies that have reported large kinetochore plates covering the chromosomal surface. However, compared to *Origya* species, the extent of kinetochore occupancy in *E. kuehniella* was estimated to be not as wide. Therefore, the kinetic organization of *E. kuehniella* chromosomes was interpreted to represent an intermediate between monocentricity and complete holocentricity ([@bib99]). Finally, the presence of holocentric chromosomes is also consistent with experimental data reporting high resistance to radiation in multiple lepidopteran species ([@bib46]; [@bib43]; [@bib53]).

In contrast to the general conclusion about holocentricity in Lepidoptera, two lepidopteran species, *Pieris brassica* and *Polyommatus icarus*, have been reported to be monocentric in mitosis inferred by the presence of primary chromosomal constrictions observed by light microscopy ([@bib6]; [@bib70]). However, meiotic chromosomes from one of these species were reported to lack a localized centromere ([@bib6]). Moreover, due to low zygotic lethality and frequent presence of chromosomal translocations after X-ray irradiation in *Pieris brassicae*, it has been proposed that *P. brassicae* chromosomes are in fact holocentric ([@bib4]).

Taken together the cytogenetic results on Lepidoptera, Bauer proposed that '*sufficient proof exists to conclude that all Lepidoptera have holokinetic chromosomes*' ([@bib4]). We therefore favor this general conclusion that Lepidoptera are holocentric.

### Trichoptera (caddis flies) {#s3-1-2}

Trichoptera are a sister lineage to the Lepidoptera. An early study suggested the possibility of holocentric chromosomes in the trichopteran species *Limnophilus borealis* and *Limnophilus decipiens* ([@bib85]). More recent EM data of *L. decipiens* instead proposed an intermediate form between the holo- and monocentric type ([@bib100]). Additional trichopteran species have not been examined. Thus, although the consensus view remains that members of Trichoptera are holo- rather than monocentric, this conclusion is not as well supported as for some of the other insect orders.

As a result, it remains unknown whether the transition to holocentricity occurred in the common ancestor of all Lepidoptera or in the common ancestor of Lepidoptera and Trichoptera. We have not assessed the status of *CenH3* genes in Trichoptera.

### Hemiptera (true bugs) {#s3-1-3}

Similar to Lepidoptera, there are numerous reports of holocentric chromosomes in several species of Hemiptera ([@bib55]). Chromosomes of multiple hemipteran species belonging to the hemipteran suborder Heteroptera (*Oncopeltus fasciatus* \[[@bib101]\], *Euschistus servus*, *Euschistus tristigmus*, and *Sotubea pugnax* \[[@bib35]\]), as well as from the suborder Sternorrchyncha (aphids \[[@bib84]; [@bib51]\]) lack primary constrictions. EM studies in *O. fasciatus* ([@bib14]) and *Rhodnius prolixus* ([@bib9]) reporting kinetochore occupancy covering 75% and 100% of mitotic chromosomes respectively, further support the presence of holocentric chromosomes in Heteroptera. Experimental support for holocentricity was also obtained using chromosomal fragmentation studies, which demonstrated that fragments induced by X-rays are able to propagate themselves mitotically through many cell generations ([@bib35]; [@bib39]; [@bib45]). Furthermore, C-banding of several aphid species revealed that heterochromatic areas are interspersed with euchromatic areas whereas heterochromatin of monocentric chromosomes is concentrated in one part of the chromosome (reviewed in [@bib52]).

There also exists ample evidence of holocentricity in Hemiptera based on meiotic observations that reveals inverted meiosis of sex chromosomes ([@bib75]; [@bib93]) and/or change of kinetic activity on autosomes from one region to another between meiosis I and II ([@bib66]).

As a result of all these studies, we agree with the previous conclusion that '*the diffuse nature of the hemipteran kinetochore is attested by a wealth of observational evidence*' ([@bib35]).

### Phthiraptera (lice) {#s3-1-4}

Phthiraptera is a sister order with Hemiptera. However, compared to Hemiptera, there is relatively little data characterizing the nature of the centromere in this order. Chromosome structure has been investigated by cytological analysis in *Haematopinus suis* and *Menacanthus stramineus* ([@bib90]) and in *Bovicola limbata* and *Bovicola caprae* ([@bib91]). The presence of holocentric chromosomes was reported based on the cytological observations, including the lack of primary constrictions and parallel sister chromatid migration during anaphase. Experimental support has been obtained in *H. suis* by Bayreuther ([@bib5]), who observed a regular behavior of chromosome fragments during cell division after irradiating first and second instar individuals.

Although Hindle and Pontecorvo reported the existence of primary constrictions in *Pediculus corporis* chromosomes (without providing cytological data) indicating the presence of monocentric chromosomes ([@bib32]), this view was challenged by Bayreuther, who instead proposed holocentric chromosomes in *Pediculus*, as this is more consistent with observations following DNA fragmentation experiments ([@bib68]), including the lack of harmful effects on *Pediculus* spermatozoa and the absence of reports about akinetic fragments or mitotic chromosome bridges ([@bib5]). To our knowledge no photographic evidence exists showing the presence of monocentric chromosomes in Phthiraptera. Though the listed photographic support leading to the author\'s interpretation of holocentricity is difficult to assess today, we favor the consensus interpretation that Phthiraptera are holocentric, particularly due to the strength of evidence based on studies assessing chromosomal inheritance following irradiation.

Thus, the common ancestor of Hemiptera and Phthiraptera may have undergone a single transition to holocentricity.

### Dermaptera (earwigs) {#s3-1-5}

Multiple species of Dermaptera have been reported to be holocentric. Ortiz studied chromosome cytology of seven species of Dermaptera by microscopy and reported that '*the chromosomes show no localized centromere, as inferred from their structure, mode of division and anaphase movement*' ([@bib63]). In this study, the most conclusive data are derived from *Labidura ripura*, a close relative to *Forficula auricularia* belonging to the same suborder. *L. ripura* has the smallest number of chromosomes with the largest relative length facilitating the assessment of lack of primary constrictions ([@bib63]). Furthermore, the chromosomes of two additional earwigs have been examined. In one study in *Labidura truncata,* Webb reported that '*the primary* *constrictions of fixed centromeres do not show, and uninterrupted chromosomes, characteristic of holocentric chromosomes*...' ([@bib94]). In another study, MJD White examined *Hemimerus bouvieri* ([@bib97]) and observed rod-shaped chromosomes with no constriction and parallel migration of sister chromatids during anaphase.

Two studies from the earwig *F. auricularia* challenged the consensus view that Dermaptera are holocentric ([@bib10]; [@bib30]). Both Hendersen and Callan reported the presence of primary constrictions in *F. auricularia* chromosomes. The view of these authors, however, has been challenged by Ortiz who found '*chromosomal spindle fibers exist along the mitotic chromosomes*' thus proposing that '*the chromosomes of Dermaptera have a diffuse centromere*' ([@bib63]). We also favor the more general conclusion that Dermaptera are indeed holocentric.

### Odonata (dragonflies) {#s3-1-6}

The nature of centromeres in Odonata has been a subject of great debate. Early studies concluded that chromosomes in this order are metacentric ([@bib62]), acrocentric ([@bib13]; [@bib77]), or holocentric ([@bib15]; [@bib40], [@bib41]). The most recent study on odonatan chromosomes, Nokkala et al. applied silver staining methods to visualize metaphase chromosomes and the behavior of male meiotic chromosomes in two dragonfly species ([@bib60]). This study clearly demonstrated the absence of a primary constriction and parallel alignment of metaphase chromosomes. Furthermore, this study also showed that during meiosis different chromosomal regions (telomeres in the first division and the middle parts of chromosomes in the second) showed kinetic activity. At present, although the two species studied most recently appear to be holocentric, we cannot conclude that this is representative of the entire order. Indeed, it is formally possible that holocentricity might have arisen within Odonata rather than in the common ancestor. Although the centromere status of the species that we sequenced has not been determined, they belong to the same suborder as the holocentric dragonflies studied by Nokkala.

### Zoraptera (zorapterans) {#s3-1-7}

Zoraptera represent an insect order that is relatively poorly studied especially with respect to their chromosome structure. Although there is also a significant uncertainty of their phylogenetic position, they may represent a sister lineage to the Dermaptera. In investigations of male meiotic chromosomes in *Zorotypus hubbardi*, no primary constrictions were observed at any meiotic stage ([@bib44]) leading to the conclusion that they are holocentric. We have been unable to obtain samples of Zoraptera to assess the status of their *CenH3* genes.

### Ephemeroptera (mayflies) {#s3-1-8}

Ephemeropteran insects have been previously referred to as being holocentric ([@bib55]). However, cytogenetic studies of many species of this order (including *E. danica* that we included in our transcriptome analyses) have clearly reported that the centromeres are metacentric or acrocentric ([@bib42]; [@bib80]). Kiauta and Mol compared the cytological evidence for monocentric chromosomes in Ephemeroptera directly to their cytological evidence of holocentric chromosomes in species belonging to the sister order Odonata ([@bib40], [@bib41]). As a result, the authors conclude that '*any cytogenetic similarities between the two orders are completely lacking*' ([@bib42]). We therefore conclude that the assignment of holocentricity to the Ephemeroptera is incorrect and they should be assigned a monocentric status instead.

RNA isolation and sample preparation {#s3-2}
------------------------------------

We obtained German cockroaches (*Blattella germanica*), crickets (*Acheta domesticus*), and dragonfly nymphs (*Libellula vibrans*) from Carolina Biological Supply Company. Earwigs (*Anisolabis maritima*) and stick insects (*Sipyloidea sipylus*) were collected from the field and obtained from captive populations, respectively. For each insect, we dissected the head and thorax (to minimize the contamination by gut microbiota), which were then homogenized and total RNA was isolated using the TRIZOL reagent according to the manufacturer\'s instructions (Invitrogen, Carlsbad, CA). RNA was treated with DNaseI (Ambion) to remove DNA contamination and purified using Qiagen RNeasy Mini Kit. mRNA-sequencing (mRNA-Seq) libraries were prepared using Illumina\'s mRNA-Seq Sample Prep Kit (Illumina, San Diego, CA) following the manufacturer\'s protocol. Barcoded libraries were multiplexed and sequenced as 50-bp paired-end reads on the HiSeq 2000 platform. Reads were parsed by barcodes, and the number of reads for each species is listed in [Figure 1---source data 2](#SD2-data){ref-type="supplementary-material"}.

### Assemblies of mRNA-Seq reads {#s3-2-1}

We carried out de novo assembly of mRNA-Seq reads using a combination of Velvet ([@bib104]) and Oases ([@bib76]) programs. We generated assemblies of the publically available 100-bp paired-end mRNA-Seq libraries from mayfly (*Ephemera danica*) and scarce chaser (*Ladona fulva*) (<https://www.hgsc.bcm.edu/>), as well as our own 50 bp paired-end mRNA-Seq libraries, using a k-mer length of 21. K-mer lengths were set to 31 for additional assemblies of publically available 100 bp single-end or paired-end mRNA-Seq data sets from several lepidopteran, coleopteran, and hemipteran species ([Figure 1B](#fig1){ref-type="fig"} \[[@bib105]\]), as well as from *Drosophila melanogaster* strain Oregon-R ovaries (SRR384962, <http://www.ncbi.nlm.nih.gov/sra/SRX109311>). We generated additional assemblies for the cockroach (*B germanica*), dragonfly (*L. vibrans*), earwig (*A. maritima*), and cricket (*A. domesticus*) libraries with k-mer lengths set to 17, 23, and 33 using the SPAdes assembler ([@bib61]). A transciptome assembly of a second dermapteran mRNA-Seq data set from the earwig *Forficula auricularia* ([@bib72]) (SRR1043671, SRR1048074, SRR1051467) was also included in our analyses.

Comparing transcriptome coverages in mRNA-Seq assemblies {#s3-3}
--------------------------------------------------------

Transcripts at least 250 nucleotides in length were selected. In cases where multiple isoforms were present, we chose the longest isoform. We used the *Tribolium castaneum* proteome (16,644 proteins, version as of December 2013) and the *D. melanogaster* proteome (30,305 proteins, version as of May 2014) to query the assembled transcripts using BLAST (tblastn). Significant alignments (*E* value \< 10^−10^) were counted considering only one alignment per transcript of *T. castaneum*/*D. melanogaster* protein. The results are listed in [Figure 1---source data 2](#SD2-data){ref-type="supplementary-material"}.

We predicted similar fractions of *T. castaneum* (and *D. melanogaster*) proteins in each of our assemblies from mono- or holocentric species implying comparable transcriptome coverages. Overall, we could predict 24--48% of the *T. castaneum* proteome in assemblies from monocentric insects. Each of these assemblies also contained CenH3. As expected due to their closer evolutionary relationship compared to other insect orders, the biggest *T. castaneum* proteome fractions were predicted in assemblies generated from beetle mRNA-Seq data sets. Protein predictions in assemblies from holocentric insects yield fractions ranging from 25% to 44% ([Figure 1---source data 2](#SD2-data){ref-type="supplementary-material"}). Proteins that were not found either did not exist in the corresponding species or were too divergent to pass our alignment threshold (*E* value \<10^−10^), or were not expressed in the sample (or tissues analyzed). The assembly of *D. melanogaster*, an insect species with an annotated proteome, was used to assess the expected fraction of predicted *T. castaneum* proteins. 28% of all *T. castaneum* proteins were predicted (total 16,644 proteins) in the *D. melanogaster* assembly, which falls within the range of predicted fractions in other assemblies. This assembly covers 21% of all *D. melanogaster* proteins (total 30,305 proteins) and includes the *D. melanogaster* CenH3 homolog.

### Estimating transcript abundance in mRNA-Seq assemblies {#s3-3-1}

The assembled transcripts were parsed into a non-redundant set selecting the longest isoform per transcript. We mapped the mRNA-Seq reads to the assembled set of transcripts using Bowtie 2 using default parameters ([@bib47]). Mapped reads were normalized to transcript lengths to estimate transcript abundances. Transcripts (longer than 200 nt) were rank-ordered based on their abundances. We determined the ranked percentiles corresponding to transcripts encoding for CenH3 homologs and kinetochore proteins, where low percentiles correspond to low abundances, while high percentiles correspond to high abundances ([Figure 1---figure supplement 5](#fig1s5){ref-type="fig"}). Although CenH3 was only at the bottom 10^th^ percentile in terms of abundance in the cockroach transcriptome assembly, CenH3 transcript abundance was in the top 50^th^ percentile or better in the mayfly, the stick insect, the cricket, and the *D. melanogaster* assemblies. Thus, the absence of CenH3 in the assemblies of all holocentric insect species is likely not due to low CenH3 expression levels.

Searches for CenH3 and kinetochore proteins {#s3-4}
-------------------------------------------

### CenH3 homology search in insects with sequenced genomes {#s3-4-1}

NCBI non-redundant protein databases or specialized proteomes ([Figure 1---source data 1](#SD1-data){ref-type="supplementary-material"}) and whole genomes were searched using BLAST (psi-blast, blastp, and tblastn). We used *D. melanogaster* histone H3 (canonical histone H3 sequence is almost invariant among insects) and *D. melanogaster* CenH3 homolog Cid (FBgn0040477) as queries for our initial searches. Newly obtained CenH3 homologs were subsequently added to the list of query proteins, in iterative searches. We tested any putative homolog thus obtained for histone folds by HHpred ([@bib79]) and for diagnostic features of known CenH3 homologs ([@bib49]) including an extended loop one region, absence of specific amino acids including glutamine, phenylalanine, and threonine at positions 69, 85, and 118, respectively (as compared to canonical H3). These criteria have allowed the successful identification of CenH3 homologs in animals, plants, and even in distantly related protozoa ([@bib49]), while revealing the absence of CenH3 in kinetoplastids ([@bib87]) that has recently been confirmed ([@bib3]). In addition to those features, phylogenetic analyses support homology of the newly identified CenH3s to other known CenH3 proteins ([Figure 1---figure supplement 6](#fig1s6){ref-type="fig"}). All identified homologous proteins or protein fragments are listed in [Figure 2---source data 1](#SD3-data){ref-type="supplementary-material"}.

In addition to canonical H3, we found the universally conserved H3 variant H3.3 that is almost identical to H3 in all genomes of mono- and holocentric species. All genomes examined from monocentric insects contained an additional H3-like protein with blastp *E* values in the order of 10^−10^, which corresponds to CenH3. In contrast, apart from H3 and H3.3, no additional functional H3-like protein could be detected in any of the genomes of holocentric insects except for a putatively nonfunctional H3-derived variant in the *Acyrthosiphon pisum* genome ([Figure 1---figure supplement 3A,C](#fig1s3){ref-type="fig"}).

Although a putative *B. mori* CenH3 homolog with 23% identity to the histone-fold domain of the *Caenorhabditis elegans* CenH3 homolog (hcp-3) was described in the *B. mori* genome sequence publication ([@bib102]), we were unable to replicate these findings; our analyses revealed no CenH3 in the *B. mori* genome, consistent with a more recent study ([@bib56]) that also was unable to identify a CenH3 homolog in *B. mori* (however no details were provided about the prediction criteria and results leading to this conclusion).

### CenH3 searches in transcriptome assemblies and expressed sequence tag (EST) databases {#s3-4-2}

We surveyed transcriptome assemblies and EST databases via tblastn searches using canonical H3 and any identified insect CenH3 homolog as query proteins. As expected, those searches revealed the presence of the universally conserved H3 variant H3.3 in all assemblies. In addition to H3.3, assemblies from all monocentric species contained another H3-like protein corresponding to their CenH3 homologs. CenH3 encoding transcript fragments in the monocentric coleopteran *Tetraopes tetraophthalmus* and *Megacyllene robinae* assemblies were detected in the raw 100 bp reads using the *Anoplophora glabripennis* CenH3 as query. Assemblies or EST data ([@bib59a]) from holocentric insects did not contain any additional insect H3-like hits apart from H3.3 and a recent H3-derived variant in the *L. vibrans* assembly ([Figure 1---figure supplement 3B,C](#fig1s3){ref-type="fig"}). Two lepidopteran assemblies revealed CenH3 encoding transcripts that could easily be attributed to microsporidan contamination via phylogenetic analyses ([Figure 1---figure supplement 8A,B](#fig1s8){ref-type="fig"}). To rule out the possibility that CenH3 encoding read fragments are present in the mRNA-Seq libraries but not assembled to transcripts, raw 100 bp reads from any of the Lepidoptera as well as from *L. fulva* library were searched for H3-like protein fragments using BLAST (tblastn). Apart from H3 or H3.3 encoding read fragments, no additional CenH3 encoding read fragments could be identified in those libraries, whereas the same search yields significant hits (with *E* values down to 5 × 10^−9^) to the CenH3 homolog in the monocentric mayfly mRNA-Seq data set. The 50 bp reads of the other insect libraries were not suitable for these analyses because the translated protein fragment is too short to yield significant alignments to the CenH3 homologous fragments using H3-like query proteins. Consistent with our analyses based on the Velvet/Oases assemblies, searches for CenH3 homologs using BLAST (tblastn) in the SPAdes assemblies from two holocentric species (earwig and dragonfly) did also not reveal any hits apart from H3.3.

The transcriptome assembly of the second earwig, *F. auricularia*, was recently generated using a combination of Roche 454 reads, Illumina 100 bp and 150 bp paired-end reads ([@bib72]). We searched H3-like proteins in the *F. auricularia* database using the associated BLAST server (<http://gdcws1.ethz.ch/blastdb_fau/blast.html>) and in the transcripts using tblastn. No CenH3 homolog was found.

### CenpC homology search {#s3-4-3}

Transcripts, genomes, or annotated proteomes were searched (psi-blast, blastp, and tblastn) as described above using CenpC motifs, CenpC-C-terminal regions including the cupin domain or full-length CenpC proteins of human, yeast, and insect homologs. Newly identified CenpC homologs were added to the list of query proteins for iterative searches. A recent study searched selected insect genomes for CenpC homologs and other kinetochore proteins, without providing sequence information or accession numbers ([@bib74]). A CenpC homolog was reported in the beetle *T. castaneum*, while CenpC was not found in several species of Hymenoptera. Our searches did not reveal a recognizable CenpC homolog in *T. castaneum*; however, we identified several putative hymenopteran CenpC homologs.

The assembled *L. fulva* (scarce chaser) CenpC fragment only covered the 3′ end of the mRNA transcript including the stop codon of the open reading frame. The 5′ end of the fragment was manually extended with unassembled read fragments of the *L. fulva* library, identified by sequence similarity (tblastn) to the homologous *L. vibrans* CenpC protein (SPAdes Node 13,580).

Cupin domains are found in many protein subfamilies, which form distinct clades in phylogenetic analyses ([@bib20]). Reciprocal best hit analyses using the dragonfly cupin domains identified CenpC-like cupin domains of various eukaryotic CenpC homologs, therefore confirming the homology of the dragonfly cupins to CenpC-like cupin subfamily.

5′ RACE analyses {#s3-5}
----------------

The dragonfly CenpC fragment (SPAdes node 13,580) identified in the assemblies was extended towards the 5′ end of the transcript by 5′ RACE analyses using Invitrogen\'s 5′RACE System for Rapid Amplification of cDNA Ends. 10 μg total RNA was treated with DNaseI (Ambion) to remove DNA contamination. Gene-specific primers complementary to the assembled CenpC fragment were used for first strand cDNA syntheses using Superscript III (Invitrogen, Carlsbad, CA) following manufacturer\'s instructions. The cDNA was treated with RNase H and purified using S.N.A.P. columns (Invitrogen, Carlsbad, CA). Half of the purified cDNA was used for terminal deoxynucleotidyl transferase tailing reaction with dCTP. Tailed cDNA was precipitated and used for final amplification with gene-specific primers and 5′ RACE abridged anchor primer provided in the kit.

Kinetochore protein homology searches {#s3-6}
-------------------------------------

While most inner kinetochore components found in vertebrates and fungi are absent in *D. melanogaster* ([@bib69]), our own analyses are consistent with previous data ([@bib74]) that have revealed the presence of several kinetochore components in other insects, many of which appear to be highly divergent among insects. We therefore applied sensitive protein predictions using a combination of psi-blast, blastp, and tblastn in genomes, NCBI non-redundant protein databases, or within specialized proteomes ([Figure 1---source data.1](#SD1-data){ref-type="supplementary-material"}). Searches in the mRNA-Seq assemblies were performed using tblastn using human and any newly identified insect homologs. Hits were verified by identification of corresponding reciprocal best hits and HHpred prediction analyses.

### CenpS and CenpX {#s3-6-1}

Using human and chicken CenpS and CenpX proteins as queries, we identified several insect homologs. We further verified those candidates using the structural based HHpred analyses aligning their conserved histone fold to known homologs. The annotation of the CenpX encoding gene in *B. mori* was not correct, but we could infer the correct transcript using *B. mori* EST data.

CenpT and CenpW homologs form a complex with CenpS and CenpX in kinetochores of vertebrates and fungi ([@bib67]). CenpT and CenpW could not be found in any of the insect genomes or transcriptomes. We therefore conclude that CenpS and CenpX are conserved in insects due to their role in DNA repair ([@bib78]), rather than as kinetochore components due to the absence of their binding partners CenpT and CenpW.

### CenpI {#s3-6-2}

Vertebrate CenpI proteins reveal significant alignments to insect homologs that could be verified by reciprocal best-hit analyses. The CenpI encoding gene in *B. mori* genome was not correctly annotated, but we could correctly infer it using EST data. Three non-overlapping transcript fragments in the cricket assembly revealed significant CenpI alignments and both are included in [Figure 2---source data 1](#SD3-data){ref-type="supplementary-material"}. Homologs of the CenpI protein-binding partners, CenpH and CenpK, could not be identified in any insect genome.

### CenpL/M/N {#s3-6-3}

CenpL and CenpM proteins appear to evolve rapidly, making cross-species prediction between insect and vertebrate homologs difficult. Still, insect homologs could be detected using annotated *Pediculus humanus corporis* CenpM and hymenopteran CenpL homologs and verified by HHpred and reciprocal best-hit analyses. CenpN homologs are unstructured proteins that rapidly evolve in animals and fungi. Nevertheless, insect CenpN homologs could be identified using psi-blast and verified by reciprocal best-hit analyses.

The N-terminus of CenpN interacts with CenH3 in humans ([@bib12]), and two arginine residues conserved across vertebrates have been shown to be important for CenpN--CenH3 interaction ([@bib12]). However, we could not identify any corresponding arginines in any of the insect CenpN homologs due to weak conservation between vertebrate and insect CenpN homologs. We therefore do not know if insect CenpN proteins retain the property of CenH3-binding, even in monocentric insects.

### CenpO/P/Q/R {#s3-6-4}

The CenpO/P/Q/R complex is not essential in vertebrates ([@bib67]); however recent findings in mice indicate that CenpU is essential in embryonic stem cells and in embryonic development ([@bib37]). Homologs of the CenpO/P/Q/R complex could not be identified in any insect genome or transcriptome.

Outer kinetochore proteins {#s3-7}
--------------------------

We used *D. melanogaster*, vertebrate, and lepidopteran Mis12 and Ndc80 proteins to find their insect homologs. Both proteins were widely present in most but not all insects. Mis12 and Ndc80 are the central components of the outer kinetochore protein complexes. Using several rounds of psi-blast, we detected putative homologs of additional Mis12 complex components, Nnf1 and Dsn1, in insect genomes that also encode for Mis12 but not in the Mis12-deficient orders including the Coleoptera, the Hemiptera, and the Phthiraptera, supporting the loss of Mis12 in those orders. Still, experimental validation as performed in the *D. melanogaster* S2 cells ([@bib69]) will be necessary to verify the presence of additional Mis12 complex components or confirm their absence. Ndc80 homologs could not be found in the stick insect and the cockroach transcriptome assemblies. We searched for Spc25 that is part of the Ndc80 complex and found homologs to be present in all insect genomes and transcriptomes, including the Ndc80-deficient stick insect and the cockroach assembly. Spc25 transcripts are highly abundant in all assemblies facilitating their detection. In contrast, Ndc80 abundance is more variable. Thus, it is possible that our inability to detect Ndc80 ([Figure 2](#fig2){ref-type="fig"}) was a result of lower expression, particularly since data only from one representative species was analyzed from either of these orders. It will be necessary to confirm this finding with analyses of additional representatives in the future.

Phylogenetic analyses {#s3-8}
---------------------

Amino acid sequences of histone fold domains for CenH3 homologs or cupin domains of CenpC homologs were aligned using MUSCLE ([@bib22]). For [Figure 2D](#fig2){ref-type="fig"}, [Figure 1---figure supplement 3C](#fig1s3){ref-type="fig"}, [Figure 1---figure supplement 4](#fig1s4){ref-type="fig"}, and [Figure 1---figure supplement 8B](#fig1s8){ref-type="fig"} the optimal amino acid substitution model was determined using prottest ([@bib1]). Maximum likelihood trees were generated using Phyml ([@bib27]). Bootstrap values supporting the topology with the highest maximum likelihood were obtained using Phylip ([@bib23]). For [Figure 1---figure supplement 6](#fig1s6){ref-type="fig"}, the maximum likelihood tree was built using the PhyML server ([@bib17]) using default parameters and bootstraps set to 100. ([@bib85]; [@bib36]; [@bib89]).
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eLife posts the editorial decision letter and author response on a selection of the published articles (subject to the approval of the authors). An edited version of the letter sent to the authors after peer review is shown, indicating the substantive concerns or comments; minor concerns are not usually shown. Reviewers have the opportunity to discuss the decision before the letter is sent (see [review process](http://elifesciences.org/review-process)). Similarly, the author response typically shows only responses to the major concerns raised by the reviewers.

Thank you for sending your work entitled "Recurrent loss of CenH3 is associated with independent transitions to holocentricity in insects" for consideration at *eLife.* Your article has been favorably evaluated by Diethard Tautz (Senior editor) and 2 reviewers, one of whom is a member of our Board of Reviewing Editors.

Your manuscript has been seen by two reviewers, both of whom are enthusiastic about your work. We would therefore like to publish your manuscript after you have addressed the following issue.

We feel that you are overstating the case with respect to the holocentricity of other less studied insect species. Although the text statements tend to be strong in papers about these species, the cytology often leads much to be desired. Obviously your data appear to correlate in that CenH3/CENP-A is lost is these species. For instance in the review by [@bib55] and references therein, it is hard to find the original publications showing conclusive data regarding holocentricity. It would be useful if you could provide the key references where holocentricity has been clearly demonstrated for the species that they examine, or, failing this, to use more cautionary wording. We feel the manuscript would certainly be stronger if you had some cytology on other species, but this is not a requirement to publish.

A second issue is to explain the reoccurrence of holocentricity during insect evolution the authors "speculate that another, distinct event allowing CenH3 loss in holocentric insects must have occurred early in insect evolution". They suggest that a lineage specific new protein may have arisen that allowed relaxation of the selective pressure for retention of CenH3/CENP-A. Have you used comparative analyses to try to identify \'new\' proteins that are present in holocentric insect lineages but absent in more related or distant monocentric lineages? If not you could comment on this in your paper.

Minor comments:

1\) The authors attribute centromeric histone variant sequences in two Lepidopteran assemblies to microsporidian contamination but refer to [Figure 1--figure supplement 8A/B](#fig1s8){ref-type="fig"}, which only shows one locus. Was the same contaminant found in both assemblies?

2\) The authors state that "Our findings suggest that holocentric insects have adopted a CenH3-independent inner kinetochore assembly pathway"; without any experimental analysis showing that the Cenp I,L,M proteins are localized to kinetochores in these species, this statement seems too strong. As with Cenp S/X, we do not know if these proteins only act at kinetochores or also in other contexts. We would suggest stating instead that "It will be important to test in the future if Cenp I,L,M localize to kinetochores in the absence of CenH3."

3\) The loss of Mis12 is quite intriguing given that it is emerging as the key linker between the chromatin components and the microtubule-binding activities. Did these same species lack the other Mis12 complex subunits? There was mention of 2 of the subunits in the Methods correlating with Mis12 -- perhaps this could be better described in the primary text.

4\) Similarly, loss of Ndc80 in cockroaches and stick insects despite presence of Spc25 was surprising. Is the Spc25 transcript count sufficiently high to be confident about this? These were not the focus on the authors\' study but we are concerned that people will assume that the absences indicated were based on the same stringency analysis as employed for Cenp-A and Cenp-C

5\) The authors cite the recent kinetoplastid work for an experimentally validated system lacking Cenp-A-based centromeres -- they could also cite Monen et al (2005; PMID 16273096), who showed in *C. elegans* that outer kinetochore proteins could target to chromosomes in meiosis independently of Cenp-A (even though a Cenp-A chromatin foundation is employed in mitosis in the same species, which happens to be holocentric).

6\) The authors state the CENP-O/P/Q/R/U are not essential in vertebrates. This is true in DT40 chicken cells but a recent knockout in mice of CENP-U by Kagawa et al (PMID 24481920) has challenged this view as CENP-U is essential in embryonic stem cells and in embryonic development (but not in embryo-derived fibroblasts; the reasons for this context-specific requirement are not yet known). This sentence could be reworded taking into account the newer findings.
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Author response

*We feel that you are overstating the case with respect to the holocentricity of other less studied insect species. Although the text statements tend to be strong in papers about these species, the cytology often leads much to be desired. Obviously your data appear to correlate in that CenH3/CENP-A is lost is these species. For instance in the review by* [@bib55] *and references therein, it is hard to find the original publications showing conclusive data regarding holocentricity. It would be useful if you could provide the key references where holocentricity has been clearly demonstrated for the species that they examine, or, failing this, to use more cautionary wording. We feel the manuscript would certainly be stronger if you had some cytology on other species, but this is not a requirement to publish*.

We agree with both suggestions. First, we now use more cautionary wording in the main text about the evidentiary nature of holocentricity in insects.

Second, prompted by the reviewers' suggestions, we also have added a section in the Materials and methods that discusses some of the key pieces of evidence for holocentricity in insect orders, including original citations in all insect orders in which such a conclusion has been reached. In addition, we were fortunate that several colleagues (W. Traut, F. Marec, A. Yoshido) generously provided the original published and additional unpublished images of insect chromosome cytology from several species belonging to the Lepidoptera, and have given us permission to include these images in our supplemental material. Although we were unable to get equivalent cytological data on species belonging to the orders Phthiraptera and Dermaptera, we note that the conclusion of holocentricity in these original publications was based on a contrast with monocentric lineages that were also analyzed using similar methods and often by the same authors and research groups. Thus, although the photographic evidence in those early papers is hard to assess today, the author's report of the observation could still be considered as being as authoritative as is currently possible. (We have incorporated this information in the main text within the Methods section.)

Finally, as the reviewers point out, our finding of CenH3 loss in each of the insect orders previously deemed holocentric also adds support to these original conclusions; CenH3 is present and essential in all monocentric insects tested.

*A second issue is to explain the reoccurrence of holocentricity during insect evolution the authors "speculate that another, distinct event allowing CenH3 loss in holocentric insects must have occurred early in insect evolution". They suggest that a lineage specific new protein may have arisen that allowed relaxation of the selective pressure for retention of CenH3/CENP-A. Have you used comparative analyses to try to identify \'new\' proteins that are present in holocentric insect lineages but absent in more related or distant monocentric lineages? If not you could comment on this in your paper*.

In our paper, we have focused on known kinetochore components of the CCAN complex, as present data would indicate these would be best placed to 'replace' CenH3 function in holocentric insects. As we discuss in the manuscript, the pattern of conservation of CCAN components does not reveal such a candidate. Although we think the suggestion of doing a detailed genomic analysis for genes conserved in holocentric versus monocentric insects is very interesting, two things affect this strategy. First, not all genomes of holocentric and monocentric insects are annotated well enough for us to be comprehensive with our searches. Second, although the expectation is that the protein that might have replaced CenH3 in holocentrics would be essential, there is no clear expectation that this protein would be non-essential and therefore lost in all monocentric insects (for instance, the CENP-B protein is non-essential in mammals, yet preserved in genomes). Instead, we are embarking on a proteomic analysis to try to identify the CenH3-replacing factor. We are at the initial stages of this analysis.

*Minor comments*:

*1) The authors attribute centromeric histone variant sequences in two Lepidopteran assemblies to microsporidian contamination but refer to* [*Figure 1--figure supplement 8A/B*](#fig1s8){ref-type="fig"}*, which only shows one locus*. *Was the same contaminant found in both assemblies?*

We thank the reviewers for bringing this to our attention. We now clarify this in our revision. We found *CenH3* contaminants from different microsporidian in two lepidopteran assemblies. First, we found a *CenH3* transcript in the *Cycnia tenera* assembly that we can confidently attribute to being derived from the microsporidian *Nosema bombycis* ([Figure 1--figure supplement 8A](#fig1s8){ref-type="fig"}). Second, we found a *CenH3* transcript in the *Papilio glaucus* assembly, which we refer to as Locus 1862 (transcript 3) ([Figure 1--figure supplement 8B](#fig1s8){ref-type="fig"}). Although we don't know the source of this transcript, we are confident it is of microsporidian origin based on the phylogenetic analysis. We now clarify both these points by more extensive annotation of Figure 8B.

*2) The authors state that "Our findings suggest that holocentric insects have adopted a CenH3-independent inner kinetochore assembly pathway"; without any experimental analysis showing that the Cenp I,L,M proteins are localized to kinetochores in these species, this statement seems too strong. As with Cenp S/X, we do not know if these proteins only act at kinetochores or also in other contexts. We would suggest stating instead that "It will be important to test in the future if Cenp I,L,M localize to kinetochores in the absence of CenH3*.*"*

We edited our manuscript as suggested.

*3) The loss of Mis12 is quite intriguing given that it is emerging as the key linker between the chromatin components and the microtubule-binding activities. Did these same species lack the other Mis12 complex subunits? There was mention of 2 of the subunits in the Methods correlating with Mis12 -- perhaps this could be better described in the primary text*.

Unfortunately, of all the components of the Mis12 complex, Mis12 is the easiest to bioinformatically detect, whereas the other subunits appear to be very difficult to predict due to low protein sequence similarity and lack of characteristic protein domains. In fact, *D. melanogaster* homologs could only be identified in mass spectrometry studies (PMID: 17534428). Although we could find putative homologs of these other subunits in Lepidoptera and Hymenoptera but not in any of the Mis12-deficient species, we are wary of making a stronger conclusion about this based on the present analyses. We believe that experimental validation will be necessary to characterize the composition of the Mis12 complex and conclude the presence or absence of complex members other than Mis12 as it was performed in *D. melanogaster*.

*4) Similarly, loss of Ndc80 in cockroaches and stick insects despite presence of Spc25 was surprising. Is the Spc25 transcript count sufficiently high to be confident about this? These were not the focus on the authors\' study but we are concerned that people will assume that the absences indicated were based on the same stringency analysis as employed for Cenp-A and Cenp-C*.

We indicated Spc25 transcript abundance in [Figure 1](#fig1){ref-type="fig"} and [Figure 1--figure supplement 5](#fig1s5){ref-type="fig"}. In most assemblies the transcript is within the upper 90^th^ percentile of abundance. Furthermore, Spc25 homologs appear to be very similar to one another (in contrast to its interaction partner Spc24) facilitating predictions even without full-length protein sequence alignments.

Ndc80 homologs can be easily predicted based on protein sequence similarity. At least based on this, we are confident about our inability to detect Ndc80. However, our conclusion that Ndc80 is indeed absent in Phasmatodea and Blattodea will be greatly increased with at least one additional species from each order. We therefore use more cautious wording about the absence of Ndc80 in stick insects and cockroaches.

*5) The authors cite the recent kinetoplastid work for an experimentally validated system lacking Cenp-A-based centromeres -- they could also cite Monen et al (2005; PMID 16273096), who showed in C. elegans that outer kinetochore proteins could target to chromosomes in meiosis independently of Cenp-A (even though a Cenp-A chromatin foundation is employed in mitosis in the same species, which happens to be holocentric)*.

We have now included this reference in our revised version and thank the reviewers for this suggestion.

*6) The authors state the CENP-O/P/Q/R/U are not essential in vertebrates. This is true in DT40 chicken cells but a recent knockout in mice of CENP-U by Kagawa et al (PMID 24481920) has challenged this view as CENP-U is essential in embryonic stem cells and in embryonic development (but not in embryo-derived fibroblasts; the reasons for this context-specific requirement are not yet known). This sentence could be reworded taking into account the newer findings*.

We included the reviewers' comment in our revised version and thank them for this suggestion.
